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SATELLITE LASER RANGING WORK
AT SHANGHAI OBSERVATORY

Satellite Laser Ranging Group

Shanghai Observatory, Academia Sinica

Shanghai, China

1, .The First—generation Ruby Loser Sysfem

The satellite laser ranging work at the Shanghai Ob=-
servatory(S0) is one of the topics of the astro-geodynamics
' pegearch program of the Observatory. We began the develop=
i’ment of the first-generation satellite laser ranging system
in 1972 in collabbration with the Shanghai Institute of
iOptics and Fine Mechanics(SIOM) A dye=-cell Q-switch ruby
‘lager which:produ¢ed 2.5 Joules in 25-ngec duration time
'(half-power.'fuil'width) with 30 ppm repetition rate was
‘adopted, The aperture of the ; rece1V1ng telescope was 30cm.

";?Because of the poor pointing aceuracy of the old alt-az

mount. the viaual traoking mode only could be used. Table 1
llsts the performance of the ruby system., The first echoes
from BE-C were received in November 1973, The system was
installed at Z5-S& section of the Shanghai Observatory in
the autumn of 1975, which is in the southwest suburb of
Shanghai and the coordinates of the laser system are as fol-
lows: A=121° 11119963E  @=31°05'46186 h=118.3 m.
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. The system has been in operation since December of the
same year, four satellites, BE-C, GEOS-1, GEOS-2 and GEOS-3,
have been tracked, The maximum ranges were over 2700km and

the accuracy of ranges was abcut 1=-2 meters(z).

2. Prediction of Satellite and Work
for the Chinese Ranging Network

' The prediction of the 'satellites(BE-C and GEOS-1) were
prov1ded by Purple Mountain Observatory in Nanjing during
the early years. Since 1975, we have done the predictions
independently. Because we did not participate in any inter-
national cooperation at that time and had no hew orbital
elements of the laser eatellites. a method for acquiring
the tracks of eatellite was developed. By the method, we
carm'in a short time,; acquire the tracks of some laser satel=
lltes such as GEOS-E. GEOS~3 and LAGEOS at a gingle station,
based only on the previous orbital elements or the observa-
tion date collected from references about {~2 years ago

; Five more first-generation ruby ranging systems have
been gradually ‘set up in China since 1977, Three of them
are at the Beijing Obeervatory(operation in 1977), the Yun=-
nan Observatory(operatien in 1978) and the Guangzhou Satel-
lite Observation Station(operation in 1981). The above three
stations and ours all belong to the Academia Sinica. The
other two ayetems, Just the eame as Guangzhou s, which are
in operation in 1980-1981. belong tc the geodesy departments.
The five systems all use a Pockels ‘cell for a Q-switch and
operate at 30 pulses per minute. The lasere generate an out=-
put of 1.5 Jjoules in 20~nsec pulse. The resolution of the
counters is 6. T-naec. The apertures of ‘the receiving teles-
copes are 40-50cm. The visual tracking mode is still adopted,
but because of better mounts the percentage of hits typjcal-

ly is 40-60 %.
Now a laser ranglng network which consists of the
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above-mentioned six stations has been run for a common pro=
1ect organized by the Shanghai Observatory. The first roal
of the project is to determine the chord lengthes between
the laser stations. The satellites tracked by the network
are: GEOS-3, GEOS<1 and BE-C, and no station has the ability
to track LAGEOS yet. The predictions of these satellites for
the network have been provided routinely by our observatory,
the preprocessings of all laser range data_obtained by the
six stations and reductions of the chord lengthes are being
done by our observatory also. For lack of enough range data,
no result of the chord lengthes has been got yet,

3. BExperimental Nd:YAG Ranging System

In order to participate in the MERIT short campaign
(August 1 st to October 31 t,1980); a great deal of improve-
ments have been made to our ruby system since April 1980 in
collaboration with SIOM again, and a decimeter accuracy
Nd :YAG experimental laser ranging system was set u ? Fig.1
is the block diagram of the Nd: YAG system, the instruments
in the figure marked SO were made by our observatory, and
the laser and its power supply were made by SIOM, Table 1
lists the main charateristics of the system, The instruments
and devices in the laser ranging system were all made in
China except a digeriminator(Ortec 473A), The NA:YAG laser
consists of an oscillator, an amplifier and a frequency
doubler. The oscilator has a transmiassion coupling unstable
plano~convex cavity w1th an electro—optic Q~-switch, the
structure being quite ‘gimple and compact. The width of the
output pulse is about 4-5 nsec, the divergence is about 0.5
mrad and the center of the near field pattern is solld. The
energy of output is 80~100 mj in 5320ﬂ The laser was in-
stalled on the top of the telescope tube, and rotated with
it., Experiments showed that the output energy did not de=-
crease when the laser had been operated for a month, no ad=-
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FIG.1 BLOCK DIAGRAM OF Nd:YAG EXPERIMENTAL RANGING SYSTEM
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justment was needed.

The photoreceiver and data recording parts consist of
a fast photomultiplier, two constant fraction discriminators,
a computing counter, a controller, a digital clock and two
printers, ete. A Si-~pin photodiode which risetime is less
than }-nsec is used for sampling the transmitting pulse at-
tenuated by the filters. 4 photomultiplier(Type GDB-49)
which has a X-Cs-Sb cathode and twelve dynodes is chosen for
detecting the returned signals. The PMT has a gain of 3X1O7
and a risetime of 1.9-nmec. In order to improve the accuracy
of the measurement of the flight time, & new time interval
counter or so-called computing counter was made by ourselves
in collaboration with the Shanghai Electronic Instrument
Factory, which was designed according to the analogue inter-
polation method, so that the main frequency ig 10 MHz and
the resolution is O.1-nsec, It is shown in the experiment
that the performance of the counter ig good. Considering the
returned signals fluctuating over a wide range in amplitude,
we use the constant fraction discriminators to replace the
fixed threshold discriminators adopted in the old ruby system
for reducing the errors of pulse position measurement. The
Model 473A(Ortec) constant fraction discriminator with 10031
‘dynamic range :is chosen for the receiving channel, and ano=-
ther one made by ourselves is for the transmitting channel
which is simpler than commercial products, A lower=level
discerimination cireuit is designed to estimate and to‘prGVent
the noise of the ranging system. The time jitter of the dis~
criminator is less than 0.5-nsec for 4-5 nsec pulse with
40:1 dynamic range. A digital clock which is externally pro-
vided with 1MHz frequency from one of the rubidiums is made
for recording the epoch of the fired pulse with a resclution
of 1us. We use Loran~C for epoch reference. It has been
proved that the synchronization between the UTC of the Shang-
nwai Observatory and UTC of USNO is better than lus by com-
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parison of portable cesium clock of USNO in August 1981. Ve
believe the time synchronization of our system with UTC of
USNO ie better -than Jus.

' The tracking mount is still the old one, but has been
slightly reformed, two new guiding telescopes with apertures
of 150mm are installed.

The ranging experiments, mainly to GEOS-3, were made
with the above-mentioned Nd:YAG ranging system from Seplem-
per 1980 to January 1981, But only a few range data were ob-
tained because of the abnormal weather and the wobbles of
the old mount which was simple and ecrude., Most of the data
have been sent to SAO and the University of Texas at Austin
for reductions. The orbit elements of GEOS=3 and GEOS-1 have
been weekly provided to us from S40 by telegram since July
1980, . "

The method of rahging to an extended-target, a retro~
reflector on the top of a water power'seperated by 5.6km
away from the laser, is used for Qalibration of the ranging
systém, Experiments show that the errdr of the pulse position
measurement for single shot would:be {-1.2nsec arose from the
variations of the shape of the retﬁrned gignals and other
factors such as the timing jitter in photomultiplier., But
the variation of averages of the system calibration is quite
small for different returned signals in the range of 5 to
500 photoelectrons because of adopting two constant fraction
discriminators(see Fig.2, each paiht'is an average of 20
meastirements), The vaﬁiation'of calibration averages during
a time~interval may be used to verify system stability and
the experiments showed that the short-term stability of our
system was about 4cm(see Figure 3), Taking all errors in
account, the total raﬁge accuracy for single shot is about
20~-30cm. The budget of errors of our ranging system is given
in table 2. The estimation is basically supported by the
preliminary analysis for GEOS-3 laser ranging data , and
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Table 2 Error Budget of Nd YAG Experimental
Ranging Syatem (4~5 nsec)

{cm)
T;@easuring error of counter — 4.5
pulse position measurement 15-18
system stability(drift) 4
corner cube array 9
atmospheric correction 5
clock synchronization 2
.total range accuracy(r.m.s.) - 20-22

figure 4 shows the raﬁge residuals obtained from one pass
orbit. for GEOS-3 in 3 January 1981. The analysis has also
shown. that there is no obv1ous syetematlc error in our laser

range data.

4. A Brief Description of the
Second—géneration Ranging System

‘ The secondﬂgeneration satellite laser ranging system
has been being developed gince 1978 by our observatory in
collaboration with several institutes of the Academia Sini-
ca which has long been supportlng the work. The main goals
of the new system are: '

1. ability to track Lageos and other low orbit satellites
(including Space Shuttle);

3., 10-20cm range accuracy;

3.'automatic tracking with a microcomputer system.

Table 1 also ligts the characteristics of the new sys=-
tem. Table 3 lists the main performance of the mount and
serve subsystem. Fig.5 shows the optical scheme of the mount.
The 600mm aperture receiver telescope is of R=-C configuration,
and & dichroic beamsplitter reflects almost all laser wave-
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Table 3 Main Charécteristics of Mount and Servo-System

Type of Mount Altitude-azimuth and Coude optics
Range of travel Z5%=+185" in -altitude
1270" in azimuth
Orthogonality < 12 arc second
Wobble < 11 are second
Optical Encoders 20 bit,< +1.5 arc second
Static Pointing
Accuracy £10 arc second(designed goal)
Servo System Two axes are directly coupled torque

motors, torque: 8kg-m in altitude
40kg-m in azimuth

Computer Z-BO microcomputer system
8 bit, 64k
disk, printer

lehéth(5320i) onto photoreceiver and allows the rest wave-
lengthes pass to the 45°bending nirror, and then to an eye-
piece for guiding faint satellites(such as Lageos), it will
be effective when the automatic tracking part is out of order
or when the predictibns of some fast and weak satellites are
occasionally inaccurate.A joystick is prepared for the visual
¢pack mode, and a 150mm aperture quiding telescope is used
for tracking the low orbit satellites., Another 150mm aperture
telescope is the transmitter of 1aser. but the 500mm primary
mirror could be used for s transmitter after some modifica-
tions, if it is neccesary in future.

Now, the frequency doubled Nd:YAG laser has been com-
pleted, the receiving telescope and the mount have been
being assembled and adjusted. We expect that the new system
will be installed at 28-Sé section by the fall of 1982, and
will participate in the MERIT main campaign in 1983, We also
jntend to do the intercontinental time gynchronization experi-

ment with laser ranging technique.
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TO SATELLITE

4§ — LASER INPUT

FIG.5 SCHEMATIC OF MOUNT AND OPTICS OF SECOND-GENERATION

RANGING SYSTEM AT SHANGHAI OBSERVATORY (IN CONSTRUCTION }
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FIG,5(continued)

1.RECELVER TELESCOPE 11.TORQUE FOTOR sHD D.C.

2, PHOTOMUTTIPLIER PACHOMETER( AL THUTH)

3, SECONDARY U IRROR 12.COUDE OPTICAL PATH

4 .DICHROIC BEAMSPLITTER 13.PIER

5.45° BENDING MIRROR 14, JOYSTICK .
6.PRIMARY MTRROR(600mm) 15 ,0PTICAL ENCODERTALTITUDE

7 . TRANSMITTER TELESCOPE(150mm) 16.QUIDING BYEI IRCE
a.ALTITUDE TORGQUE MOTOR AND 17.CORRECTING LENS

D.C,TACHON ETER 18,45° PLIP MIRROR
9,45°DIELECTRIC COATED MIRROR 19. QUIDING TRELESCORE(150mm)
10.0PTICAL ENCODER(AZIMUTH)
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Performances of the Satellite Ranging

Systems at Shanghai Observatory

first Nd:YAG second
generation | experiment. generation
) gsystem system system
Laser subéyéﬁem | :
material -~ ruby Nd:YAG Nd:YAG
a
sutput wavelength [6943A 53208 53204
type single ogscillator, joscillator,
oscillator amplifier, jtwo amplifiers
freq. doubl{freq. doubler
output energy 2.5] 80-100mj 250mj
width of pulse 25ns 4=5ns 4-5ns
FWHM§ ;
fepetltion 10.5%pps 0.5pps tpps
Q=switch mode 3dye-cell LiNbO3 ?.iNbO3
, crystal crvatal
Transmlttlng Optics
“type galilean galilean galilean and
coudé optics
aperture 120mm . 42mm 150mm
beam divergence 1 mrad 0,3=0.8mr |0.,2-2 mrad
Receiver -
—@perture 300mm 300mm 600mm
field stop 3 mrad 2 mrad 0,2-2 mrad
filter bandwidth |60 A 27 4 5-7 &
fype of PMT EMI9558 GDB-49 GDB-49,
RCA C?!O34A
quantum effeciency | 3% 10% 10-24%
yisetime 1Ons 2ns 2ns
L 6 7 & ., 7
gain 5X 10 3 X110 107 =3 X 10
résolution of
timer i0Ons O.1ns 0.1ns
Quiding Optics
type sighting sighting receiver tele-
scope scope scope with a
dichroic beam-
splitter,
sighting scope
aperture 90mm 150mm 600mm; 150mm

(Table continues)
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Table 1 (Continued)

. field of view
‘Type of Mount

Pime System
3:freqency standard

‘stability
synchronization
éccuracy of synchr.
General '
range accuracy
maximum range
tracking mode

M

Time in Opgration

4° 3° 30'; 3°

alt-az alt-az alt~-az and
coudé optics

quartz | rubidium rubidium

oscillator | (2 sets) (2 sets)

1 X 1078 /day] 3 X 1071%/day 3 X 10"1%/day

microwave Loran-C Loran-C

50 us |3 ms 3 ps

1«2 m 20-%0cm 10-20cm

2700km 2000k m over T000kmn

visual visual microcomputer
control, and
joystick

1975 1980 in construction

' (1982)
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Satellite laser tracking. Construction of

normal points

D. GAMBIS

GRGS/BIH

Abstract

Many stations, in particular in the MASA network, have an
observational rate of abbut one measurement per second. For a
45 mn pass of Lageos, this gives more than 2000 measurements.
Processing the whole data set is a heavy task, 5o a sampling of data
is performed to reduce the number of points to 100 or 200 over a sa-
tellite pass. This solution, currently used is not satisfactory for it
leads to a loss of information. Data compression, taking into account
the full rate measurements has been carried out to give about 10 to
15 normal points over a pass. The method uses the approximation by
the Tchebycheff polynomial expansion. The devised software can be
easily implemented with mini-computers, S0 that every tracking sta-
tion taking part in a worldwide network would be able to calculate
from its own data, normal points to be forwardedtoa computing cen-
ter for the global processing. Data compression permits also to reduce
the local random noise of an order of magnitude. The method has been
applied to a limited data interval of Merit campaign.

I Introduction

Let D(t) be the discrete function representing the distance
station-satellite during a pass. This distance varies approximatively



- 81 ~

from 6000 to 10 000 km for a Lageos arc and the duration of the tra-
cking is about 45 mn. Depending on the capability of the station,
observation densities are around 1 per second for NASA stations,
some units per mn for other ones. Of course, laser observations re
quire clear weather and all passes don't offer good data distribution.

The idea of making normal points consists in compressing the
information contained in a certain number of measurements into one
data. To make this compression, one has to find a good representation
of the function D{t). Two main philosophies are possible;

a) Using a model of forces, a good reference orbit is compu-
ted for several revolutions of the satellite. Pseudo-measurementsare
. calculated from the difference between the arc of the reference orbit
and the corrected arc (Lago and Mainguy 1971). The main drawback
of this method is its heavyness ; it requires elaborate orbit computa-
tion with several data files for the models of forces introduced.

b) The function D{t) may be approximated by analytical expres=
sions, for instance polynomial expansion. It is what we have chosen
in-this study. '

II Simulation.

_ In order to investigate the faisability of the method, simula-
tions have been made, A 45 mn orbit was computed using a complete
model of forces and at the same time, the distances station-satellite,
representing the measurements, have been generated at 1 second in-
tervals, The simulated pass is considered as perfect without uncer-
tainties on the data:. The normal points must be re stituted with an
inaccuracy, say, an order of magnitude inferior to the nominal accu-
racy of the laser tracking station (i. e, about 1 cm), We have tried

to approximate the function D(t) over a pass, through different repre--
sentations ;

1) Low-order polynomial representation,

We did not intend to restitute directly D(t}) with the 1 cm pre-
cision but, in a first step, to remove of it most of the variations, A
fourth order polynomial P4(t) was found to best fit the observations.
LE4(t) = D{t) - P4lt)]. Residuals E4(t) are between - 6 km and + 3 km.,

A Vondrak smoothing (Vondrak 1677) is then performed onto
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E4(t). The optimal smoothing will be the strongest one restituting the
1 cm precidion,
We "have E(t) = E,(t) - V(t,§)
répresents the smoothing strength
E= IOHn néN
¥or &= 1 the smoothing fits all the points, for &= 0 it is a parabole.

The analysis of the perturbations of the satellite-trajectory due to the
earth gravity field shows no effect of wavelength inferior to 45 mn,

We can see from figure 1 than values of &= 10 % may be tes-
ted for n = 6.

remaining
amplitude

o o e

[a] 3 x .'| n i 1 -
15 20 25 ap 40 50 60 80 100 period {mn)

Figure 1. Filter corre sponding to different degrees of smoothing
(characterized by & )by Vondrak's algorithm.
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Table 1 shows the values of the root-mean square of the resi-
duals E}(t) with respect to the smoothing.

Smoothing root-mean square of E;}(t) with
coefficient respect to the smoothing
(in em)
10"6 12. 4
10-7 47.0
10-8 \ 172.3
—

Table 1. Simulated pass-smoothing of the residuals
to a 4th order polynomial fit.

The inadequacy of the polynomial fit, particularly at the ex-
tremities of the interval (Gibbs phenomenon), is in factresponsible
of the impossibility of reaching the 1 cm precision. This leads to the
idea to use a more sophisticated parametrized representation using
polynomial expansions,

2) Tchebycheff polynomial expansions have been used for
several years by the Bureau des Longitudes for ephemeris calcula-
tions {Connaissance des Temps). Among other polynomial expansions
{Hermite, Laguerre, Lagrange, Legendre) Tchebycheff's oneshave
simple expressions.

Their form is n

P (1) = Z C, 'i*k(t)

k=1
n order of the expansion

, iet]
Tk(t) Tchebycheff polynomial of 1 order

Tk(t) = cos (karcost)

Ck are defined as
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n-1

2 . I .
C, =% E Pn(ti) cos 3 (21 + 1)
i=0

with t, = cos BN (2i + 1}
i Zn

Further details can be found in mathematical handbooks (as J. Legras
1963). We have used the software of interpolation and approximation

by Tchebycheff polynomial expansions implemented by J. F. Lestrade
(1976) for a study about the representation of the attitude of the astrometric
satellite Hipparcos, '

Over the pass intervall
= t) - :
E_(1) = D) - P_(1

is the error of the representation of D(t} by P (t). The size of this
error can be characterized by a norm n

M = gup | En () maximuin error
oo tel
or s= 2, En(t)z quadratic error
tel '

The “best approximation' of D{t) on I can be defined as the polynomial
expansion yielding either M, or 8 minimal.

Application to a simulated pass.

The table 2 gives, function of the expansion order, the values
of the two norms

expansion M, = sup_| E(t)] s = » E _(t)

order . L . T
{in cm) (ir cm)

12 270. 0 148. 0
14 29.0 15.0
16 4,3 1.7
18 2.1 .6
20 1.3 .5
22 .8 .5
24 .6 .4
26 6, .4

Table 2. Simulated pass. Convergence of the residuals to a
{ Tchebycheif representation.
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The requirement of the 1.cm precision is fulfilled ; the method can be
applied to real data.

111 Case of real data.

1) Example of application to dense passes.

A first approximation is performed with an expansion order
n = 8 ; the procedure is iterated {n = n + 2) until the determination of
the ""best approximation" (with respect to the quadratic norm s).

When the root-mean square between two consecutive values is
stable (i.e. the difference is inferior to a preset quantity) the conver-
gence is declared. During this procedure, identification and deletion
of spurious data is done on the basgis of the comparison of their resi-
duals to the global root-mean square.

For construction of normal points the pass is cut into 3 mn
intervals Ip. The datation of the normal point tp is chosen to be
the closest possible to the center of the interval (at a real data data-
tion), in order to avoid new interpolation and for use of the calculated
refraction correction usually transmitted with the observational data.

The value of the normal point is

N (tp) = P (tP) +%__ i E (tj)
P

j=1
this for dense passes when the residuals E_(t.) are gaussian, A typi-
cal histogram of the number of the re_siduafs Jwith respect to their
values is shown figure 2, the mean of the residuals is different of
Zero, - number,

Of ' 80
data .
4
I
a0 41
|
71,
v IR I O R
-2 a1 0 1 .2 residuals in m

Figure 2. Dense pass histogram number of data per residual
interval for station Yarragadee (7090).
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Figure 3 represents the residuals (raw data -Tchebycheff re-
presentation) over a pass of station Grasse (7835), For most of the
3 mn normal intervals, the residual function is gaussian.

For other passes with small density of observations (some per
" .mn) the residual function is usually not gaussian over the 3 mn inter-
.- vals (fig. 4). The averaging should be made by another way.

o In case where E (t) is gaussian over the 3 mn interval Ip, the
" root mean square of a single residual with respect to the mean

%;;Emnm is |
2 2
p . [P Z?n(t)_.@ En(t))

o, P
ng { 1)

nP_-

: To take into account the number of data np in IP the root-mean
square of the normadl point will be
1

ag_ = g : -
P o, P np

When the number of data is small (< 5) over Ip the expression
herebefore of 0., has few signification. In this case, a conventional
expression has to be chosen for O'P, for example

og_ =0 —
P Q o,
g . being the root-mean square of the whole pass with respect

to the fitted representation.

To avoid an overweight of the normal points of rome stations
compared to the others it will be necessary to give an inferior limit

£ i .
o their o"P

Tables 3 to 5 show the observational normal points of typical
passes of different laser tracking stations : Yarragadee (7090},
‘Haystrack (7091), Grasse (7835), Orroral (7943) and Arequipa {7907).
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NORMAL POINTS EVERY 180. S STATION

LENGTH OF THE PASS

DATE IN SECONDS

65055.024823
65235,023828

65414,023085 -

65594,022617
65773,022451
65954 ,022599
66134.023063
66314,023793
66494,026787

66673,025992 -

66827.027173

NORMAL POINTS EVERY 188. S

LENGTH OF THE PASS = 46, MN

DATE IN SECONDS

33329.,0335875
33509,632098
33689,030749
33868.029569

34048,028582

34228.027834
34408,.027308
34588.027179

345T68. 827307

34948,027739
35128.,028485
35308.0629424
35488,030611
35655,03184%3
35849.033497
35998,034834

NORMAL POINMT (M)

8102650.889
7659847.325
7255330.624
6901499,13%1
6605700,550

6381398.543

6238692.904
6184952.424

622348T7.879

6352903.572
6567416.254
6857988.652
7213804.507
7592435.559
8079238.527
8480065.516

7090

31, MN NUMBER OF DATA

NORMAL POINT (M) SIGMA (M)
7291576196 + )08
6993460.85) «+008
67T70529.9058 +008
6630111008 «007
6580632.286 «010
66246647.5823 + 009
6760928.643 +808
6982690143 « 009
7280812:034 + 006
T642081 960 «009
7995987554 o017

STATION 7691

SIGMA (M)

o110
« 025
016
o812
2831
010
« 008
2006
«008
2011
<010
009
+012
o027
« 025
« 042

DAY = 219

PASS i8. H 2 MN

= 1514 DENSITY =4B.7 MES., PER MN

NUMBER OF DATA

135
140
151
154
127
151
1706
132
170
12¢

39

DAY = 214
NUMBER OF DATA = 2096

NUMBER COF DATA

31
T4
124
155
16%
176
176
173
168
172
175
171
143
25
73
17

PASS 9 H 13 M

DENSITY =45.4 MES. PER MM

Table 3. Observational normal points
for YARRAGADEE {7090) and HAYSTACK
(7091).
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NORMAL POINTS EVERY 180. S

LENGTH OF THE PASS

DATE IN SECONDS

69547.,550798
69727.480796
69907.450796
70087.450797
70199,930796

NORMAL POINTS EVERY

LENGTH OF THE PASS

DATE IN SECONDS

33570,030776
33750.040777
33930,160777
346102.660777
34267.560777
34462,560777
34650.080777
34837.580777
35030.080777
35175.080777
35355.080777
35542,580768
35707.580775

STATION 7943
= 12 MiN NUMBER OF DATA
NORMAL POINT (M) SIGHMA (M)

7756274611 «079
74607862461 2071
7225638.910 « 089
7058088B.08¢ o066
69902466+,336 «191
1806. S STATION 7907
=z 38, MN NUMBER OF DATA

NORMAL POINT (M)

7193551,064
6817125741
6506930.7%4
6283698.5%90
6146025.484
6087256.934
6139556.805
6294986.591
6521321.762
6803254.297
7172289317
7611795.641
8034772-.430

SIGHA (M)

2215
e215
2129
s 166
0145
s 175
«163
»204
181
+150
«215
«179
« 254

DAY = 218 PASS 19 H 17 MN
79 DENSITY = 6.3 MES, PER MN
NUMBER OF DATA
10
20
22
23
3
DAY = 217 PASS 9 H 17 MN
135 DENSITY = 3.5 MES., PER MN

NUMBER OF DATA

10
15
12
15
16

11

g1~ O

Table 5. Observational normal points
for ORRORAL (7943) and AREQUIPA
(7907).
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2) Example of a complete processing

The procedure for the construction of normal points has been
applied to a 5 day data span of august 1980 (Merit Campaign) for
NASA and SAO tracking stations.

For dense passes (several tens per minute) with good data dis-
tribution, the "best approximation' is easily reached with about 20
. Tchebycheff coefficients, In some cases, however, the identification
of bad data is not correctly done ; the procedure has to be refined.

For passes with weak number of data or with low observational
rate (some measurements per minute) the procedure, because of the
interpolation method, does not seem to be adapted.

A preliminary orbit computation with the pole components de-
termination, has been performed over a 5 day interval. Although many
passes have been deleted in the normal points constructions, the results
obtained are equivalent to these obtained during the same period using
a sampling of the data. The values of the computed pole components
are given table 6. :

Pole computation with Pole computation BIH
sampling of data with normal points | Cire. D
Number of
data 2308 195
x _ - .009 - .057 -, 024
Oy _ .008 .020
y . 317 306 . 304
. 004 .00
oy 9

Table 6. Pole components determinations using the sampling
of data and the hormal points.

IV Conélusion. Advantages, limitations and possibilities of the
method,

Tchebychefi polynomial expansions seem well adapted for the
construction of normal points when measurements are dense enough

during a pass.
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The software may be easily implemented on mini-computers.
The algorithms have to be refined to take into account the multiplicity
of the data distributions ; yet for passes with low density data, ano-
ther treatment has to be used.

The root-mean square associated with normal points is opti-
mistic. The normal points values, depending on the polynomial repre-
sentation are correlated. To minimize the dependence, good methods
for averaging the residuals {raw data - representation) are required.

Within the framework of the organization of an earth rotation
service, each laser trackihg station using this procedure or a simi-
lar one, could reduce its own data in order to send normal points to

this service. The volume 6f data may be highly reduced (see the
annex). The task of the processing to calculate the earth rotation
parameters would be lighténed and the delay of availability of the

results shortened.
References,

B. Lago and A, M. Mainguy. Condensation des données d'observation
en vue d'une utilisation géodésique. Space Research XI, Akademie

Verlag, Berlin 1971, p. 515.

J. Legras. Précis d'Analyse Numérique. Ed. Dunod 1963.

J.F. Lestrade. Communication personnelle.

J. Vondrak. Problem of sroothing observational data. Bull. Astron,
Inst. Czech. 28 (1977), p. 84-89.
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ANNEZX
Number of characters
Satellite 6
Stafion T 4
Meteorological data 10
Date (year, day) 6
Center of mass correction 4
Various indéxes 4
Total 34

General informations over the pass

_ Number of characters
Datation (ps) : 11
' Measuremer;;t normal point{mm) 11
Sigma (mm)- . 5
T ropospheric correction (mm) 5
Total per normal point 32

Information per normal point

for the whole pass (14 normal points) 34 + 32 x 14 = 482 characters

So about 3/1000 of the global volume transmitted in format SEASAT

Number of characters sufficient for representing a
pass, Example of a 40 mn pass with 2000 data.




- 94 -

AN EVALUATION AND UPGRADING
OF THE SAO PREDICTION TECHNIQUE

J. H. LATIMEER, D. M. HILLS, S. 0. VRTILEK,
A. CHAIKEN, D. A. ARNOLD and M. R. PEARLMAN

ABSTRACT

We review the current SAO prediction system capability
and discuss recent improvements that show results for 60-day
test .+ prediction periods for Lageos. The improvement
package is machine-accessible.

OVERVIEW OF THE CURRENT SYSTEM

‘The current prediction system at SAQ is based upon two
key -programs: an otrbit determination program (GRIPE) used
at the central computation facility in Cambridge, and a
look~angle and predicted range generator program used at
field sites (FLPPS). Observations obtained at field sites
are fed to the GRIPE program, and Keplerian elements derived
from GRIPE are supplied to the FLPPS program. This data
flow is the basis of the tracking cycle.

GRIPE is a general purpose orbit analysis program for
artificial earth satellites which has been developed as a
reséarch tool. It is based primarily on analytical
perturbation theory ~and can take as observations a variety
of data types including optical or electronic direction
observations, ranging data, range rate or velocity data, and
altimetric ranging data. 1In addition to computing orbital
eleménts, GRIPE can solve for corrections to the gravity
field coefficients, station coordinates, frequensy offsets
and .drift rates for range rate observations, the earth's
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:pole position, the gravitational constant GM, and an earth
radius scale factor.

GRIPE is a differential improvement program requiring
that initial estimates for modelling parameters be
reasonable in order that convergence of iterated solutions
¢an occur. The observation model computes the wvector
petween the observing site and the satellite and must
"consider perturbations to both positions. Perturbation
‘theory applied to the satellite position includes the

following:

1. Kinoshita's Short Periodic Oblateness (to first and

: second orders in J2, and optionally to thirxd order),

2. Gaposchkin's Tesseral Harmonics development,

3. RKozai's Direct Lunar and Solar effects (both long and

~~ short periodic),

‘4. Kozai's Body Tide treatment (due to both Lunar and Solar

- effects), ,

5. Kinoshita's Lohg Periodic Zonal Harmonics to first and
second orders. Other perturbations not used in

~° acquisition ephemeris work are:

6. Doodson's Oceah Tide effects (lunar and solar),

7. Kinoshita's reference system adjustment,

8. Aksnes' Direct Effect Radiation Pressure,

9. Lautman's Albedo and Infra-red effects.

- Station positions are adjusted for the effects of UT1
(wheh known), for pole position, and for the effect of solid

earth body tides due to the sun and moon.

- The observed. quantity relating the station and the
satellite is reduced for the tropospheric or parallactic
tefraction, and if ranging data, for the offset between the
center of mass and the reflector array and a small general

Felativity effect:

- GRIPE has the capability of displaying the observation
residuals and then halting execution before improving any
modelling parameters. This mode of operation is known as a
Mresidual run®, and is a basic tool used in the analysis of

prediction orbit quality described below.
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UPDATING

, The motivation for upgrading prediction accuracy at {AG
is to be able to tighten the range gate for better
discrimination against noise pulses in the return pulse
detection process. The improvement sought involves a
mixture of software changes and procedural changes. Changes
to the GRIPE orbit determination are purely procedural in
that no coding changes are necessary. Qur testing shows
that we would benefit by lengthening the data span for orbit
detérmination and by holding constant some orbital
parameters more accurately determined over long term
studies. These parameters include the rate of perigee, and
the - quadratic term in mean anomaly. Our tests have no rate
of eccentricity or inclination in the model, which differs
from our current operational technique. The final change in
the GRIPE procedure is the inclusion of solar perturbations,
both long and short periodic. The current technique absorbs
to a certain extent these effects in the mean elements.

rpor the £field® program, FLPPS, the ¢hanges are
algorithmic, in that the older analytic lunar perturbation
package, which only computed the principal lunar term, has
been: replaced with a-lunar perturbation package identical to
that: in GRIPE. This package is a numerical integration
package and facilitates now the computation of the solar
perturbations as well, so that the FLPPS has this additional

capability. 1

"Users of the SAO orbital element service would do well
to :consider including this a)improved 1lunar and b)solar
perturbation capabilities for the following reasons:

1. Obtaining improved prediction accuracies as demonstrated
below. :

2. Avoiding the problem of incompatibility between field
software expecting solar perturbations to be absorbed
into the determination of mean elements (the present
gituation) and : orbit computation expecting solar
perturbations to be separately and explicitly applied.

3. The key routiries are .available separately in
machine-accessible form in order to ease the task of

updating code.
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As it is impractical to try prediction experiments with
an operational network, our measurement of prediction
quality decomposes into two stages. The first stage 1is to
, demonstrate that the central facility and the field site

goftware are in agreement in terms of orbit theory as
manifested by the computation of angles and ranges between
_stations and satellites. This stage does not address the
“issue of inherent quality of representation of a trajectory, .
but only that of - consistent algorithmic treatment of an
orbit model. This may be done with simulations or other
analytic methods. Our tests (see figure 1.) indicate that
“this agreement ig within the noise of the method of testing
" for about 30 days and within 0.25 microsec of range gate for
about 60 days using the LAGEOS orbit. This is the software
implementation, or "ZEROSET" test.

4 The other aspect is that of the quality of an orbit as

a description of a satellite trajectory, and this can only

be measured with real observational data, and thus we are

obliged to use data archives to draw conclusions. However,

having done the ZEROSET test, we are here unconcerned with.
software compatibility and can test the orbit extrapolation

gualities with the orbit. determination program run in

_residual mode. Figure 2 shows the extrapolation over time

" 6f an orbit of LAGEOS obtained with the current operational

procedure. Next, we see.a factor of two improvement when

-the solar perturbation isg added. Some additional

improvement 1is noticeable when the test orbit is generated

~with data from seven stations instead of only one station.

Further improvement is noticed when the test orbit is

generated from 18 instead of 9 days of data. When the rate

- of perigee and the guadratic term in mean motion are fixed

still further improvement is noticed although there is no

significant difference in the orbits obtained from 18 and 9:
days of data. These last orbits, as the figure shows, are

within 0.50 microsec of range gate for about 30 days.

These tests were performed with data from the summer of
1981, and to confirm these results the final test (18 days,
fixed rate of perigee and quadratic term in mean motion) was
_performed with data from the fall of 1980. The results of
"this test are shown in figure 3. These results are similar
to the above, which suggest that even better results could
be obtained by using rates obtained from long-term analysis.
_Further study ought to also consider any effects from
degradation of elements other than mean anomaly, which is
emphasized in this analysis. :
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Figure 1.

"Zeroset"
Consistency between field and central software implementations (Zeroset).
New FLPPS pseudo-obs. v§. new GRIPE in FLPPS mode
X = beg.; © = end obs. in each pass (% 30° elevation angle)
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Figure 2. Results of orbit quality tests. From bottom to top, series are:
a) current technique {no solar perturbation)
b) add solar, one station, 9 day arc
c) solar, 7 stations, 9 day arc
d) solar, 7 stations, 9 day arc, fix rates
e) solar, 7 stations, 18 day arc, fix rates
f) solar, 7 stations, 18 day arc
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Results of orbit quality tests for fall, 1980 period.

as Figure 2e.
either second estimate or zero.
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APPENDICES
LUNAR PERTURBATION OVERLAY

§. Vrtilek
May 1981

The 1lunar perturbation overlay uses the luni-solar
perturbation theory developed by Y. Kozai as reported in
smithsonian Special Report 349. All source codes necessary
for this overlay are on FLPPS pDisk One.

THE SUBROUTINES USED IN THIS OVERLAY ARE:

RDZON-~Loads registers with Zonal harmonics
INST=-~Calculates instantaneous elements at
epoch of observation
GETSMA--Calculates Semi-major Axis
NFINC--Calculates Inclination function
HANSEN--Calculates Eccentricity function
FACCAL-~Computes factorials
LUNARK~--Calculates long period and short-
petiod luni-solar perturbations
SETUP-~-Assignse variables for integration
KIND--Integrates terms for lunar and solar
perturbations
SUNVECT-~Calculates vector to Sun
LUNVECT-~Calculates vector to Moon
PRECESS~-Calculates terms due to precession
EVA--Computes sin and cos terms for
eccentricity and mean anomaly

THE FUNCTIONS USED IN THIS OVERLAY ARE:

CONSOC-~Stores the constants used in
overlay
ERIQA--Solves Kepler's equation
LOAD--Takes lower order 4 bytes from a
Real*8 and puts them into an
Integer¥*4
PUT-~Puts Integer*4 into bits 0-3 of
a Real*8
ASIN--Finds arcsin
ATANG--Finds modified arctan
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THE LIBRARIES USED IN THE OVERLAY ARE:

STDLUNLIB--Contains binary for all of
above

WFWLTUTIL--System utilities

WFWRUN--Fortran utilities

WFWSOS-—-8ystem utilities
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LUNAR OVERLAY DRIVER

Reads in ID's of satellites, correction for early/late if
existant, time of prediction, length of prediction, elements
at given epoch and their coefficients. Writes out table of
perturbations to be used in Ephem overlay. Table is stored
in PM(8,12) with order: (Time in MJD, Perigee in radians,
Node in radians, inclination in radians, eccentricity, mean
anomaly and argument latitude in radians, and the radius
vector 1in megameters). There are 12 sets of these values
with times encompassing the length of prediction.

RDZON INST L UNAR
Loads registers {(see below) {see below)
with Zonal harmonics

INST

Calculates instantaneous elements at observation time from
mean elements at epoch (perigee, node, inclination, mean
anomaly, eccentricity). Gets pointers to mean element
coefficients (at epoch) in ORB array.

V

GETSMA

Calculates semi-major axis as a function of zonal
coefficients, inclination, eccentricity and rates of perigee

-and node.
Vi W
MEFINC HANSEN
Calculates Calculates
Inclination Eccentricity
Functions Functions
FACCAL PQ .

Computes factorials

l
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LUNARK
Calculates long—-period and short period Luni-Solar
perturbations at observation times.
INST SETUP K IND
{see pg 2} Assign variables Integrate Lunar
for integration and Solar terms
2 2% N ¥
SUNVECT LUNVECT PRECESS EVA
Calculates Calculates | |Precess from Computes
sun's Moon's. equator of gin and cos
position position 1950 o terms for
vector vector equator of [leccentricity
date and mean

anomaly
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A REVIEW OF NETWORK DATA HANDLING PROCEDURES

J. H. LATIMER, J. M. THORP,
D- R- HANLON? G- En GULLAHORN

SMITHSONIAN ASTROPHYSICAL OBSERVATORY

ABSTRACT

We review communications formats for ranging data, and
data handling and technigues. Examples of code used for
producing or reading various data types are
machine-accessible.

DATA FLOW

Network Data handling today is concerned with a variety
of data paths and data types. The so-called Quick-Look data
cycle is in reality a complex of three information paths
which help maintain orbits for a vital network.

the first path is the flow of acquisition ephemerides
from central computing facilities to field sites. These
‘data have evolved from centrally-computed pointing angle
lists teletyped in lengthy messages to rather brief
trajectory descriptions, either Keplerian elements, or IRVS
(Inter-Range Vectors). This evolution was made possible by
the advent of mini-computers which were placed at field
sites.

The second path is the return of a sampling of
observational data to the computing center for ephemeris
maintenance and data quality monitoring. To be effective,
the data must be timely and accurate, vet to be efficient,
the data must be evenly sampled and the message format must
be reasonably concise.
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The third and final path is that wused to feed back
quality control information to site personnel. Particularly
some 'of the systematic errors can be - very subtle and
difficult to spot with-the information normally available at
a remote site. Range biases or epoch timing biases are
naturally noticed more readily at a central computing
facility. Speed of detection and rectification of such
problems is important in order to avoid contamination of
large quantities of data.

" Final Data

‘Having organized a Quick-Look data processing cycle to
maintain tracking orbits, we must take care to process the
complete and £inal data set for dissemination to the
scientific community in as careful a manner as possible,
Oour problem will tend not to be speed so much as the large
quantity of data with which we must contend. The data
procegsing can go much smoother if reasonable data
repregsentation is adopted, and of course, submission of data
to a data bank such as the National Space Science Data
Center. run by NASA/Goddard for archiving and distribution
requires well understood standard formats.

DATA‘EORMATS FOR LASER RANGING

The purpose of this section is to document the common
data formats in use currently, and to provide code for the
creation or transformation of these formats.

Quick~Look

Two well-known Quick-Look formats, the SAO and NASA,
are defined in the appendices, and code from the Data
General Nova 1200 at SAO field sites which produces 333 data
is appended The companion package, a set of routines that
are used at SAO's central facility which read 333 data, is
listed. These routines also read the NASA Quick~Look

format.

Intermediate

At SAO we have two forms of intermediate data
representation, for two very different reasons. Because of
the large investment in the GRIPE orbital program its coded
observation format (known as the DOI format) is retained for
use by this program. One advantage of retaining this format
was the capability of representing very old data so that
long time~span analyses could be undertaken without the
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problems of data transformation or program code
modification.

Two years ago we adapted to a new computer and in the
process of conversion we introduced a machine-specific
binary format closely related to the DOI format, but more
efficient for data processing (sorting, selection,
performing I/0). We treat as-utilities those packages which
fransform from coded representation to binary and vice

versa.

Both internal formats are defined in the appendix, and
Fortran code is provided for the SAO & NASA Quick-Look to
binary transformation and for the SAO final 1log data to
binary transformation. Code is also provided for binary to
SEASAT coded, and to DOI coded transformation.

Final

There are two Formats in use for representing final
data for archiving and distribution. These are the binary
and coded formats used by the National Space Sciences Data
Center at NASA/GSFC. The coded format 1is known as the
SEASAT format and is broken down in the appendix, and an
éxample of code to produce this format iz provided
separately. A problem that users of NASA binary data can
have is the use of this data on byte-oriented machines such
as the DEC VAX. In the code portion of this paper we
provide NASABIN which is a utility to transform NASA binary
data to SAO internal binary format.

DATA REVIEW PROCEDURES

The most powerful information that a central facility
can provide to a remote site is just that information
Unavailable at the remote site, that is, how well data fits
when combined with a global data set in an orbit
determination. At SAO we have designed a procedure which
does this in a systematic way. Our implementation relies on
a post-processor run subsequently to orbit determinations.
This post processor reads a file of intermediate information
left by the orbit program, and thus has essential
information as it existed after the final iterative orbit
estimation. In particular, range residuals are available,
and partial derivatives to aid in the following simple
computation.
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The procedure considers each pass from a station
individually, and makes a least squares solution for two
parameters: a systematic range bias for the pass and a
systematic epoch timing bias, This simple procedure builds
upon the complicated orbital information already contained
in the range residuals from the final orbit estimation
process, and we can obtain very cteliable noise estimates
when there are no large biases present or oscillations in
residuals caused by pooy orbital modelling. In addition,
the estimates of rangé and time biases can be interpreted.
when they are small, thére is no problem, as they reflect
only the residual long wavelength uncertainties in the orbit
modelling process. When they are large, it is indicative of
either some defect in the model, such as station
coordinates, or error in processing of the data, or real
data problems or equipment malfunction.

Kt SAO all data are reviewed each week and cooperating
sites ‘are supplied with comments and interpretation of the
post-ptocessoxr printout. The appendix contains a few
examples of these runs showing the summary listings and the
individual scatter plotg and histograms.
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RANGING DATA

SAO,
NASA ORBIT .
COOPECATING DETERMINATION
LASERS
T ORBITAL

ELLEMENTS

DATA
ASSESSMENT

DATA NOISE & BIAS PARAMETERS

Network data flow chart.

Figure 1.
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k3

The SAQ laser QL data format is shown below

" consists of five parts:

<1o'

2..
3.
4.
5.

Each word
by ong space.

WORD

UT U L2 WL bo o

S v in

o~ I

o

10

10
10

CHARACTER

1 through
1 through

)
through

4
1
2
5
1 through
5 and

1 through
i

through

-
L8]

¢ seven characters
Station header

(1 through 14) has five decimal characters.
An explanation of each word follows:

and
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APPENDICES

SAC QUICK -LOOK FORMAT

Phe format

", .LASER"

line (words 1 through 3)

pass header line (words 4 through 9)

pata lines (words 10 through 14 in each line)
The three characters "END".

Words are

EXPLANATION

Always 33333
gtation no.

vyear of century
Month of year
pay of month

COSPAR Satellite ID
sky/shadow code for first point of
pass:

=> night, satellite illuminated;
1 => night, satellite in shadow;
2 => day
Relative humidity in »ercent
Sign of temperature. => positive,
1 => negative
Temperature in units wf 0.1 degree
Celsius
ynused, always zero
Barometric pressure ia millibars

Pre-pass calibration average in
units of 0.1 nanosec

Post~pass calibration average with
ten thousand nanosec Jdigit implied
equal to that of Pre-pass

Epoch of pulse transmission hours
(o

Minutes

separated
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11 1 Seconds

11 2 through 5 and

12 I,2 Microseconds

12 3,4 Check word

12 5 Confidence: 0 => probably good; 1 =>
probably bad

13 1 through 5 and

14 I through 5 Pwo-way range in 0.1 nanoseconds

The seven characters " .LASER" appear once at the beginning of each
data transmission. The station header line is repeated for each different
day of data within the transmission message. A pass header line begins
each pass. Each data transmission ends with the three characters "END".

sample 333 Quick Look laser data message
8w LASER

Word 1 2 K3
33333 79438 01013

Word 4 2 & 1 8 2
76039 01099 10500 09141 28659 28661

Hord 10 11 12 13 ‘14
14311 49407 96610 05422 23382

END



Character

A

19

20
21-25
26

27-28
29-31
32-36
37-42
43

44-49

50
51-56
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NASA Quicklook Format

Description

BCRH
nCRI'I
HLFM
lll‘l
IIBII
NBII

SIC (sSpacecraft Identification Code)

ViD

STATION ID (from STDN 724)
MOVE NUMBER - Sequence from birth

MOUNT
""" =
" =

TYPE
AZ/EL
X/Y

LASER/LAST FRAME INDICATOR

nge =
nin =
ngn =
ngr -
MODE
ngn =
nyn =

Prime Laser/Not Last Frame
Backup Laser/Not Last Frame
Prime Laser/Last Frame
Backup Laser/Last Frame

Program Track
AUTOTRACK (not currently available).

"SPACE"

WAVELENGTH in nm

"SPACE"

YEAR (mod 100)

DAY OF YEAR

SECONDS OF DAY

MICROSECONDS OF SECONDS

USPACE"™

ANGLE 1 (X or A2) in 001l

For X angle: If plus, then lead
character will be a zero; if minus,
then lead character will be minus

sign.

For AZ angle: Lead character will
he G, l, 2, or 3.

"SPACE"

ANGLE 2 (Y or EL) in .00l
In plus, then lead character will be
a zero. Otherwise there will be a

minus sign.
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Character pescription
57 "SPACE"
58-69 - RANGE (roundtrip time) in .01 nsec.
70-72 " SPACES™
73 “4"
74 “F"
?s ’IF“

NOTE: All values in quotes are constants and should be replaced by
either their ASCII or BAUDOT representations (¢epending on
whether it is 8 or 5 level).
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DOI Data Card Format

This document describes the observation card format as read by GRIPE.

Field Cols, Description
1 1-7 Cospar Satellite Identification
2 . 8-12 Sequence Number
3 ' 13-17 Station Number
4 18-23 Date of Observation
18-19 year
20-21 month
22-23 day
5 24-33 Time designation
24-25 hour
26-27 minute
2829 second
30-36 fraction of seconds to .l microsec
6 17-46 observed range in meters, to .01 meters

(XXXXXXXX.XX) or 2-~way range in nano-
seconds, to .l nancsec, (XXXKAXKKX . XX)

7 49-52 refraction correction, to .0l meters
(xx.xx) to be subtracted from range.
This value, if present, may or may not
have already been applied to the range
(see columns 57&58)

8 53~-58 Index Codes



Field

Cols.

53

54- 55

56

57
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Description

Time-precise index

Code Standard error in timing oy
0 no estimates

1 ctg_.OOBSec
2 .003 <oy < .002

3 002 <oy < .005

4 . 0G5 <ct < .02

5 .02 <og < .05

6 .05 <op < .2

7 2 <oy < .5

8 +5 <oy < 2.0

3 2.0 <94

Standard Deviation

a) either in meters and tenths of meters
{or n.s and .1 n.s} (if col 54-55 < 25)
or

b) x, where x = 25 (log + 3) and =
weight in meters (if col 54-55 > 25)

Observation type index: always 8 for laser
range

Epoch System/Corrections Applied Index

If col 56 = 8 (range obs.), then column 57,
in conjunction with column 58, determines
the time of the data taken and the
cortections (refraction and center of mass)
that have been applied and/or given

center weathet

57 laser type epoch ref. corr of mass info

e WO

A trans none none given

B rcvd given none given
new B revd given given given
0ld D at sat. applied none optional
new D trans see 58 see 58 given

E trans see 58 see 58 given



Field

Cols.

58

Description

For col 56 = 8 {(range in meters oOr nanosec)
it gives obs. units and correction applied

information., values 1-7 refer to new laser
D and E only. Values 8 & 9 refer to laser

A, Brand old D,

58 Explanation

1l one way range, in meters, not
corrected for atmospheric
refraction or spacecraft center

of mass

2 one way range, in meters, corrected
for atmospheric refraction and
spacecraft center of mass

3 two way range, in nanoseconds, not

corrected for atmospheric
refraction or spacecraft center of

mass

4 two way range, in nanoseconds,
atmospheric refraction and space=
craft center of mass given, neither
applied

5 two way range, in nanoseconds,
atmospheric refraction and space-
craft center of mass corrections
given, and applied

i one way range, in meters,
refraction correction and
spacecraft center of mass correc=

tions given, neither applied

8 one way range, in meters, see
column 57 for atmospheric refrac-
tion and spacecraft center of mass
correction information



Field

1c

11

12

13

Cols.
59-62
59~61

59
60
61
62

63~66
63
64-66

67-76
67-70

71-72
73-76

77-81
82-94
82

83-92
93-94
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Desckiption
Calibration Stability
Difference between pre and post calibration
{absolute value) in nanoseconds included
when code in column 62 is 2; no estimate
otherwise
tens _ .
units

tenths

Calibration index

Code no. Explanation

2 Pulse processer system-pre
& post

3 Pulse processer system=-only
one calibration

4 Pulse processer system-no

pre or post calibration
Spacecraft center of mass correction

Blank

Spacecraft corr. to .01 meters to be added
to range. This value, if present, may or
may not have already been applied to the
range, depending on cols. 57 and 58.

Weather Data
Pressure (millibars)

humidity (percent)
temperature (Celsius to tenths)

Elevation angle to .00] degree

Predicted range
blank

2-way range to .l n.s.
blank
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Field Cols. Description

14 95-100 Azimuth Angle to .00l degree

15 101-103 Speed of Light Code
101 blank
102-103 = 00 if ¢ = 2.997925E10 cm/sec was

used in reduction
= 01 if ¢ = 2.99792458E10 cm/sec was
used in reduction

16 104-105 Range neise ~ given as 25 {log y + 3)
where y = range noise in meters

17 . 106-107 Estimated Range Error - given as 25
{log z + 3) where 2 = estimated range

bias in meters
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SAO INTERNAL BINARY FORMAT FOR LASER OBSERVATIONS

ITEM 1 Satellite Identification (I*4)

ITEM 2 Observation Seguence no. and REJECTION FLAG (1*4)
This number, when negative, indicates that the
observation has been rejected.

ITEM 3 Station no. (I¥2)
ITEM 4 Modified Julian Date of Observation (I*4)
ITEM 5 Fractional part of Day of Observation (R*8)
ITEM 6 fType of Observation:
' 0 = end of pass
8 = laser observation
18 = laser observation; processed by GRIPE

ITEM 7 Observed Range (R*8) (Units depend on items
11, 12 - see GRIPE Manual)
ITEM 8 Refraction Correction in meters (R*4)
ITEM 9 ‘Time precision (Standard Error) in seconds (R*4)
ITEM 10 Range Precision (Standard Error) in meters (R*4)
ITEM 11 Epoch System/Corrections Applied Index {(identically
game meaning as col. 57 of DOI format in GRIPE
, manual) (I*2)
ITEM 12 Observation Units/Corrections Applied Index
: (identically same as col. 58 of DOI format in GRIPE
manual} (I*2)
ITEM 13 Calibration Stability (Pre-calibration minus
Post-calibration in nanoseconds when Calibration
index = 2, Null otherwise} (r#*4)
ITEM 14 Calibration Index(Same as col. 62 of DOI
format) (I*2)
ITEM 15 Center of Mass correction in meters (r¥*4)
ITEM 16 Atmospheric pressure in millibars {R*4)
ITEM 17 Percent Relative Humidity (R*4}
ITEM 18 Atmospheric temperature in degrees Celsius (R*4)
ITEM 19 Predicted Elevation Angle in degrees (R*4)
ITEM 20 Predicted Range (Two-way} in nanoseconds {R*8)
ITEM 21 Predicted Azimuth Angle in degrees (R*4)
ITEM 22 Speed of Light Index (same as col. 102-103 of DOI
format) (I*2) :
TTEM 23 Estimated Range Noise in meters (R*4)
ITEM 24 Estimated Range Bias in meters (R*4)
ITEM 25 Year of Observation minus 1900 (I*2)
ITEM 26 Month of Observation (I%*2)
ITEM 27 Day of Observation (I%*2)
ITEM 28 Hour of day of Observation (I*2)
ITEM 29 Minute of hour of Observation (I*2)
ITEM 30 Seconds of minute of Observation (R*8)
ITEM 31 Pass Sequence Number (Negative for Quick Look,
_ Positive £or Final) (I*2)
ITEM 32 Twelve bytes of zerces reserved for future
expansion

TOTAL OBSERVATION RECORD LENGTH = 128 (8~bit) bytes
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SAO INTERNAL BINARY FORMAT FOR LASER OBSERVATICONS

INDEXING SCHEME

. ITEM vVax F IRST LAST
‘"NUMBER MNEMONIC BYTE BYTE
(= B8 bits)
1 - I*4 1 4
2 I*4 5 B
3 I*2 g 10
4 I*4 11 14
5 R*8 15 22
6 I*2 23 24
7 R*8 25 32
g R#*4 i3 36
9 . R*4 37 40
10 Cpkg 41 44
11 L 1*2 45 46
12 ©L*2 47 48
13 . R*4 49 52
14 - I¥2 53 54
15 . R%*4 55 58
16 ;. R*4 59 62
17 - R*4 : 63 66
18 - R*4 v 67 70
19 . R*4 ‘ 71 74
20 . R*8 75 82
21 " R*4 83 86
22 I*2 87 88
23 < R*4 : 89 g2
24 © OR*4 ' 93 96
25 I*2 o 97 98
26 I*2 : 39 100
27 1*2 101 102
28 I%2 103 104
29 I*2 , 105 106
30 R*8 ' 107 114
31 I*2 115 118

32 12 Bytes 117 128
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Sampleiimplementation of reading the new internal SAO laser
obsezv;tion records .

Having declared:

INTEGER*4 SATELLITE, OBSNO, MJD

INTEGER*2 STATION, TYPE, PUMMY (52)

DOUBLE PRECISION FRACTION :

we can then read any type of data, laser or otherwise:

READ (filespec) SATELLITE, OBSNO; STATION, MJD, FRACTION, TYPE, DUMMY
: (INT) (INT) (INT) (INT) (DP) (INT) (INT)

Theén, if TYPE = 8 (indicating a laser observation) the following
equivalences will apply:

LASER OBS LASER OBS

WORD DUMMY WORD DUMMY
7 1 20 26
8 : 5 21 30
9 7 22 32
10 9 23 33
11 1] 24 35
12 12 25 37
13 13 26 38
14 15 27 39
15 16 28 40
16 18 29 41
17 20 30 42
ie 22 31 46
19 24

where LASER OBS WORDS 7, 20, and 30 are DOUBLE PRECISION, and

LASER OBS WORDS 11, 12, 14, 22, 25, 26, 27, 28 and 31 are short
integers (I*2), and the remaining LASER OBS WORDS are (R*4) single

pzecision floating point numbers.
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NASA BINARY FORMAT

?he FORTRAN va:iable types used in this format description are:

I*2 - Half-word integet

1 - Single word Integer

R - Single word Floating Point
pP ~ Double word Floating Point

pes¢ription of Bytes 1528 for all measurement types.

FORTRAN

) variable
Bytes Type pescription
1-4 1 Satellite ID
5-6 I*2 Measurement Type
20 = Laser
64-69 = X-Y Angles {(North~South}
68 = Laser
70-79 = Azimuth and Elevation Angles
70 = Laser
7-8 I*2 Time System Indicator (nm)
n value description
1 Satellite Transponder/(reflecto:)
fransmitter Time
m value description
3 uTC
9-12 1 Station Number
13-16 I Préprocassing Indicators/Report

The preprocessing indicators are bit
switches packed into a single 32 bit
word. The rightmost bit (bit 31) is
of lowest order and the leftmost bit
(bit 0) is of highest order.



Bytes

FORTRAN
variable
-Pype
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pescription

The preprocessing bits are configured

as Follows:

Bits value
0

or

5+6

L [V ]

20

Pescription
This bit should always
be zero filled

Beacon Activity Indi-
cator {types 10-14)

‘Beacon Inactive or No
Beacon

Beacon Active

Center of Mass Offset
Correction Indicator
‘(range, range rate,
‘altimeter)

‘Data corrected for offset
pata uncorrected for offset

tUnused Equator Designation
(types 10-14)

Date of Equator and Eguinox
(types 10-14)

Speed of Light Indicator,
(Range, Range Rate, and
Altimeter}

2.,997925 x 10 meters/sec
2.8987925 x 10 meters/sec
2.997925 x 10 meters/sec

2.99792458 x 10 meters/sec



Bytes

FORTRAN
variable
Type

127 -

Description
10-12 .
-0
1
-2
3
4
5
13
-0
“1
15
0
1
1617
1

Tropospheric Refraction
{all but Types 10-14)

Data has been corrected and
meteorological data not
present

Data has not been corrected

Data has been corrected
using the correction formu-
las for international laser
data. Correction value is
for zero zenith

Data has not been
corrected. Correction Value
is for zero zenith.

pata has been corrected and
meteorological data is
present.

Data has not been corrected
and meteorological data is
present.

lonospheric Refraction
{all but Types 10-14)

Data has been corrected
pata hag not been corrected

Antenna Axis Displacement
(Types 20-29)

Data has been corrected (or
no correction required}

pata has nhot been corrected
(correction is required)

Receiever Mount Type (all

but Types 10-14, and Types
38~59)

X-Y (North-South)

Azimuth-Elevation
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'FORTRAN
Variable
Bytes - Type Description
18-19 Transmitter Mount Type (all
but Types 10~14, and Types
38~59)
1 ¥-¥ {North-South)
2 Azimuth~Elevation
17-20 I Modified Julian Date (MJD) of cbservation.
JD = MJD + 2400000.5
21-2z4 DP Fraction of Day Past Midnight (GMT)
29-36 " DP Observation value in Radians for Right
Ascension, or Hour Angle, or Azimuth, or
X-Angle
37-44 DP Observation Value in Radians for Declina-

tion, or Elevation, or Y-Angle

Bytes 29-58 for Range and Range Rate Measurements {(Types 20-39)
29=-36 .DP Observation Value in Meters for Range
K (Types 20~29) and Meters/Second for
Range Rates (Types 30-39)

49-52 I Average Range Rate Data (Types 30, 33, 34,
and 38: Counting Interval in Microseconds.

Laser Data: Tropospheric Refraction
Correction in Same Units as Observation.

53~56 R Meteorological Data

57-60 ;R Ionospheric Refraction Correction in Same
Units as Observation

65-68 R Other than Laser Data: Transmitter Antenna
Axis Displacement in Meters.

Laser Data; Correction to Spacecraft Center
of Mass.
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SEASAT FORMAT FOR LASER RANGING OBSERVATIONS
A 90 character card image representation.

Ccolumn Subset Description

1-7 Satellite ID
8-9 Always 20 for laser ranging data
10-11 Time System Indicator
10 0 => Ground Received Time
1 => Satellite Transponder/Transmitter Time
2 => Satellite Receiver Time
11 0 => ur-0
1 => yr-1
2 => UT-2
3 => uT-C
4 => Aol
5 => A,3 (AT BIH)
6 => AS (SAQ)
12~16 Station ID
17-32 GMT of Observation

1718 year of century
19-21 Day of year
22-26 Time of day (Seconds from midnight GMT)
27-32 Fractional part of seconds in units of microsec.
33-35 Preprocessing Indicators
33 0 => Data has been corrected for tropospheric
refraction.
1 =5 Data has not been corrected for tropospheric
refraction,.
2 => Data has been corrected for tropospheric
refraction, using the correction formulae
for international laser data (see cols. 76~80).
3 => Data not corrected for tropospheric refraction.
Cols. 76-80 contain coefficient for use with
international laser formulae.
4 or 5§ => Cols. 57-66 will contain meteorological data.

35 pata ( 0 => has; 1 => has not) been corrected for
transponder delay effects.
36-54 obgervation data

36-45 Range in km units
46~54 Fraction of km Range in units of micrometers

55~56 preprocessing Indicators
55 Preprocessing report (spare, always 0)
56 Transponder type
1 => coherent; 2 => non-coherent
57«66 Meteorological data if col. 34 contains a 4 or 5.

57-60 surface pressure in millibars
61-63 surface temperature in degrees Kelvin

64-66 Relative humidity in percent



69-73
74~75
76-80

81

82

83-88
89-90
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Measurement standard deviation in millimeters

Not used for laser data

Tropospheric refraction correction in millimeters
or

Coefficient of tropospheric refraction international
lasers in millimeters (see col. 34)

speed of light indicator

0 => 299792.5 km/s

1 => 299792.458 km/s

Center of mass correction application indicator

0 => applied

1 => not applied

Center of mass correction in millimeters

Logl0 of the standard deviation of the time of
observation in microseconds.
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SAMPLE DATA REVIEW OUTPUT

7090 YARRAGADEE
7603901 39 39 39 40 2 38 40 40 40 40 39 40

7110 MONUMNT PK
7603901 40 40 2 40 39 37 39 40 1 40 1

7120 MAUI '
2603901 39 49 44 35 43 39 40 10

7102 GF S C
7603901 8

7112 PLATTEVILL : :
7603901 39 39 3 6 39 14 3 11

7105 GODDARD :
7603901 42 40 32 40 40

7210 HALEAKALA : |
7603901 39 39 38 37 30 3938 40

78§1 HELWAN .
7603901 10 24 12 13 28

7833 KOOTWIJIK
7603901 6

7834 WETTZELL :
7603901 14 22 16 15 18

7805 METSAHOVI 1
7603901 25 16 27

7943 ORRORAL V
7603901 39 30 3% 23 10

7907 AREQUIPA '
7603301 38 37 37 1 38 39 36 38 3 33 37 39 34

7929 NATAL
7603901 25 27 27 34 10 38
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pass site

D@~ s L R

10

12
13
14
15
is
17
18
19
20
21
22
23
24

26

27
28
28
30
31
32
a3
34
35
36
37

38

35

41
42
43
44
45
46
47
48

7080
7080
7090
709¢
7090
7080
7080
7080
70350
7090
7090
7080
7110
7110
7110
7110
7110
7110
7110
7110
7110
7110
7110
7120
7120
7128
7120
7120
7120
7120
7120
7102
7112
7112
7112
7112
7112
7112

7112

7112
7105
7105
7105
7105
7105
7210
7210
7210

satellite mod julian dy

7603301
7603901
7603901
7603901
7603901
7603901
7603901
7603901
7603501
7603801
7603001
7603901
7603901
7603901
7603901
7603501
7603901
7603301
76063501
7603901
7603901
7603301
7603801
7603801
7603901
7603501
7603901
7603901
7603901
7603501
7603901
7603901
7603801
7603501
7643901
7603901
7603901
7603901

7603901

76063901
7603901
7603501
7603901
7603901
7603901
7603501
7603901
7603901

44843.074121
44849.216864
44849.736838
44854.538912
44856.630510
44856.656088
44856.782234
44857.060591
44857.377604
44857.721760C
44858.005058
44858.145116
44845.157801
44845.303345
44849.827674
44850.249179
44856.195510
44856.,349584
£4857.155058
44857.283334
44857.960417
44858.232361
44858.759560
44849.301713
44849 ,.456100
44851.331760
44852.280533
44852.428241
44857.291482
44857.432176
44858.247338
44858.083617
448492.164284
44849.306754
44851.854028
44855.776922
44856 .209595
44858.751262
44858.769433
44858.204306
44856.191379%
44857.132664
44857.658023
44858.079921
44858.230037
44849,303091
44849.447356
44851.335429

sigma

0.16
0.21
0.09
0.19
0.060
g.12
0.12
G.22
0.24
0.12
0.16
0.28
1.14
0.86
0.00
1.17
1.88
0.20
0.25
1.02
.00

0.00

.
(e B ol el B o e B

SOhoWwooOoooo
»
tad
MW Th UL bl B N

[=]
=

19.83
0.33
8.11
8.00

17.03
0.26
0.18
0.06
0.05
0.08
Q.55
0.48
0.74

timebias (msec)

0.049
-8.339
-0.267
-0.029

0.000

4.571
-0.042

0.201
~0.167
~0.353
-0.268
-0.108

2.336

3.792

0.000

2.397

2.785

5.045

0.475

4,223

0.000

2.651

0.000

8.624
~0.183
~0.313

0.647

0.170

8.603

0.314
~0.030

0.626

1.229

3.840

0.000

-28.168

0.739

~2.499
9.000

17,244

0.169
1.112
~0.334
0.396
0.527
~3.016
0.324
-6.715

0.022
0.932
0.035
0.033
0.000
0.107
0.017
6.027
0.043
0.011
0.025
0.03¢
g.151
0.097
0.000
©0.136
0.180
G.040
0.078
0.085
0.000
0.122
G.000
G.018
0.030
0.014
¢.182
6.027
0.016
0.026
0.132
1.404
0.128
0.067
0.000
33.402
0.092
4,685
0.000
11.142
0.037
0.019
0.025
0.006
0.018
0.093
6.057
0.0485

rangebias (M)

~0.021
-0.691
0.108
-0.536
0.000
-2.004
~0.257
0.270
~0.091
0.114
6.315
~0.060
12.522
5.350
0.000
5.108
5.741
~-{.849
15.122
4.670
0.000
8.282
0.000
-6.027
0.668
-0.331
-¢.146
~0.063
-0.030
~0.358
~1..018
-2.384
12.353
4.626
0.000
~16.530
13.685
6.775
0.000
10.616
0.288
-0.575
-1.823
-1.087
1.304
1.176
-G.421
0.008

0.039
0.034
0.054
0.042
0.000
0.252
0.018
0.045
0.038
0.G19
0.027
0.046
0.187
0.157
0.0040
0.237
0.301
g.042
0.11%9
0.162
0.000
0.199
¢.000
0.027
6.053
0.023
0.33%
0.037
0.019
§.029
0.066
2.162
0.199
0.053
0.0090
21.475
0.143
3.6989
0.000
18.741
0.046
0.039
0.011
0.009
0.013
0.118
0.077
g.138

good-bad

39
39
39
40

2
ig
40
40
40
40
38
40
40
40

2
40
39
37
39
40

1
40

1
39
49
44
35
43
39
40
10

8
19
39

3

6
39
14

3
11
42
40
32
40
40
33
39
38

oo ook HH

L
oS o oo

ey
WD O O

=t

W
W QMO @ =R

fe

ho |
OO O QRN

IXEER

day

WED
WED
WED
MON
WED
WED
WED
THU
THU
‘THY
FRI
FRI
WED
WED
WED
THU
WED
WED
THU
THU

FRI
FRI
'WED
WED
FRI
SAT
SAT
THU
THU
FRI
FRI
WED
WED
FRI
TUE
WED
FRI
FRI
FRI
WED
THU
THU
FRI
FRI
VB
WED
FRI

81
8l
81
Bl
81
8l
81
81
81
81
81
:al
81
81
81
Bl
gl
81
81
81
81
8l
81
81
gl
a1
8l
81
81
81
81
81
8l
81
gl
81
81
81
gl
81
81
81
81
81
81
8l
a1
81

¥r mon dy

SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP

SEP -

SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP
SEP

2
2
2
7
9
g
9
ig
10
11
11
2
2
2
3
g
9
10
10
10
11
11
2
2
4
5
5

10
10
11
11

4

time

lae
512
1741
1422
15 7
1544
1846
127
1351
1719
017
328
147
716
1951
558
441
823
343
648
23 3
534
1813
714
1056
757
643
101¢
659
1022
556
20
356
721
2029
1838
51
18 1
1827
2142
435
311
1547
155
531
716
1044
8 3
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* k k ok

station 7831

weight 1.

satellite 7603901

from

5 44852.9023152 te 44852.9143985 POLE SOLUTIORN

I{TERATIONS 2 3-TIMES A PRIORI SIGMA 0.2E-04 A PRIORI SCALE 0.000E+00 OBS REJECT FLAG 0-AUTO, 1-MANUAL ¢ DELTA GM/2GH
SCLUTION VECTOR (DAYS,MEGAMETERS)

SIGHMA IS5 1.519

21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21

39
39
35
40
40
40
40
4l
41
41
41
42
42
44
&4
44
44
45
45
46
47
47
48
49
50
52
54
56
7
81
28
RANG
TIME

1.457 RMS(M)

0.458B6E-08 —~0.1533E-06

SOLUTION VECTOR (DAYS,MEGAMETERS)  0.8557E-08
20.036 -0.178 1. 41. -1.1% 1
32.036 -0.706 1. 41. -1.63 2
56.036 1.028 1. 42. 0.09 3

8.036 1.420 1. 43. 0.51 4
12.036 -0.826 1. 43. =-1.72 3
36.036 0.141 1. 44, -0.70 6
52.036 0.018 1. 44. -0.79 7
36.036 0.019 1. 46. ~0.68 8
44,036 -1.554 1, 46. -2.24 9
52.036 0.016 1. 46. =~0.65 10
56.036 -0.246 1. 46. =0.90 11
12.036 -0.027 1. 47. -0.64 12
44.036 -0.003 1. 48. -0.54 13

4.036 0.782. 1. 50. 0.45 14
16.036 0.036 1. 51. =0.26 15
20.036 -0.559 1. 51. -0.84 16
36.036 -0.068 1. 51. -0.31 17

8.036 0.263 1. 52. 0.11 . 18
52.036 0.467 1. 53. 0.44 19
36.036 -0.010 1. 54. 0.08. 20
16.036 0.595 1. 55. 0.8l 21
32.036 .. . -7.027 0. S6. -6.77 22
12.036 -0,039°° 1,56, 0.34 23
56.037 -0.289 1. 58. 0.40 24
28.037 -0.278. 1. 58, 0.51 25
32.037 -46.825 0. 58. -45.65  26-

0.038 -66.657 0. 58. -65.22 27-
44.027 -956.862 . 0. 55. -94.94  28-
831 7603901

9 5 21 39 20.036
POINTS 24 ACCEPTED 4 REJECTED
E NOISE = 0.622 RMS =  0.596

OFFSET = 1.136 +OR-  0.280 MSEC
E OFFSET = 1.04% +OR~ 0.378 METEKR

* % ¥ F F ¥

RANG

SIGMA

0.1203E-05

ITERATION 1

ITERATION 2

*
1%
Ik
* ]
111
SR TERRRL LTI L

HELWAN
¢.C00E+QO
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